Abstract: Many individuals with major depressive disorder (MDD) experience cognitive dysfunction including impaired cognitive control and negative cognitive styles. Functional connectivity magnetic resonance imaging studies of individuals with current MDD have documented altered resting-state connectivity within the default-mode network and across networks. However, no studies to date have evaluated the extent to which impaired connectivity within the cognitive control network (CCN) may be present in remitted MDD (rMDD), nor have studies examined the temporal stability of such attenuation over time. This represents a major gap in understanding stable, trait-like depression risk phenotypes. In this study, resting-state functional connectivity data were collected from 52 unmedicated young adults with rMDD and 47 demographically matched healthy controls, using three bilateral seeds in the CCN (dorsolateral prefrontal cortex, inferior parietal lobule, and dorsal anterior cingulate cortex). Mean connectivity within the entire CCN was attenuated among individuals with rMDD, was stable and reliable over time, and was most pronounced with the right dorsolateral prefrontal cortex and right inferior parietal lobule, results that were corroborated by supplemental independent component analysis. Attenuated connectivity in rMDD appeared to be specific to the CCN as opposed to representing attenuated within-network coherence in other networks (e.g., default-mode, salience). In addition, attenuated connectivity within the CCN mediated relationships between rMDD status and cognitive risk factors for depression, including ruminative brooding, pessimistic attributional style, and negative automatic thoughts. Given that these cognitive markers are known predictors of relapse, these results suggest that attenuated connectivity within the CCN could represent a biomarker for trait phenotypes of depression risk. Hum Brain Mapp 38:2939-2954, 2017.
INTRODUCTION
Major depressive disorder (MDD) is the most common mental disorder (Kessler et al., 2005) and is associated with tremendous personal, economic, and societal costs that are cumulative over time (Kessler et al., 2006; Kessler and Wang, 2009) . Studying individuals in the remitted phase of MDD (rMDD) relatively early in the illness course allows for an examination of state-independent mechanisms of MDD that may confer risk for relapse, while simultaneously avoiding the distortion of acute active symptoms (e.g., Jacobs et al., 2014) . Identified mechanisms can serve to bridge these gaps for early detection, intervention, and prevention of depression recurrence.
A rapidly emerging literature has evaluated putative trait markers of MDD through the examination of neural network functioning as indexed through network connectivity (e.g., Castellanos et al., 2013; . In addition, functional connectivity approaches have been increasingly used to understand how functionally connected neural networks are related to cognitive functions, and how the organization and functioning of these systems may differ among individuals with psychiatric disorders such as MDD (Menon, 2011; Jacobs et al., 2014) . Resting-state fMRI is a technique that can be used for identifying variations in network connectivity while the individual is "at rest" in the fMRI scanner. Functional connectivity analyses based on temporal coupling of brain regions yield maps of interrelated neural systems and can be used to evaluate how multiple brain regions function over time (Biswal et al., 2010) . Moreover, recent work has discovered that the brain is organized into coherent largescale functional networks (Menon, 2011; Seeley et al., 2007; Yeo et al., 2011) . Fluctuations in the blood oxygen leveldependent (BOLD) signals in these intrinsic connectivity networks correlate over time in the absence of externally cued tasks, allowing for the assessment of individual differences in patterns of connectivity over time and independent of temporal fluctuations in performance and strategy (Seeley et al., 2007) . Results from these functional connectivity analyses have facilitated the identification of intrinsic connectivity networks, which are dedicated to relatively distinct cognitive functions (Menon, 2011; Jacobs et al., 2014) (although see Spreng, 2012 for a review of how task context can alter network coherence, and also note that reliability and stability over time are not yet established). Reliability refers to the temporal correlation of relative rank at two time points, whereas stability infers that reliability is present and absolute value is similar over time. Importantly, intrinsic connectivity networks provide a useful mechanism for the investigation of how networks may underlie phenotypic features of depression, such as cognitive dysfunction and aberrant information processing. Indeed, the strength of connectivity between nodes may be important indices of the capacity for the effective use of network resources during times of need (e.g., synchronization, efficiency), such as when regulating emotions (Seeley et al., 2007) .
Three intrinsic connectivity networks have been identified as particularly reliable neurocognitive networks (Fox and Raichle, 2007; Menon, 2011; Seeley et al., 2007) : the default mode network (DMN), the salience and emotional network (SEN), and the cognitive control network (CCN). The DMN includes brain regions that demonstrate increases in activation during rest and corresponding decreases in activation during cognitively demanding tasks (Buckner et al., 2008; Marchetti et al., 2012; Whitfield-Gabrieli and Ford, 2012 ; although for an example of how network activity and coherence varies as a function of task context, see Spreng (2012) and Spreng et al. (2009 Spreng et al. ( , 2010 ). In contrast, the SEN is active in response to external or internal stimuli that are deemed relevant to current goals, whereas the CCN is a frontoparietal system that is thought to be critical for problemsolving and executive functioning, allowing for optimal flexibility in responses to changes in situational demands (Menon, 2011) . Studying connectivity within intrinsic connectivity networks during the resting state can provide useful information about the integrity and efficiency of these networks (Menon, 2011; Seeley et al., 2007) . Indeed, prior work has suggested that connectivity within the CCN may have utility as a biomarker for individual differences in cognitive control performance, although this has not been pursued in MDD (e.g., Niendam et al., 2012; Seeley et al., 2007) . Our model for understanding dysfunctional emotion regulation in MDD posits that many individuals with MDD have weaker cognitive control functioning (regulation), and that this weakness remains even in periods of relative wellness (Peters et al., 2015; Hassleback et al., 2011) . It is possible that resting-state connectivity of intrinsic connectivity networks can elucidate this phenomenon.
Disruption in the CCN is hypothesized to underlie nearly every form of psychopathology, including MDD (Menon, 2011) . However, most studies that have evaluated the CCN have focused on activation deficits in specific regions of the network during task, rather than dysfunctional connectivity between regions within the CCN (e.g., Langenecker et al., 2007a; Wagner et al., 2012) . Surprisingly, the majority of the literature in depression has examined connectivity within and between nodes of the DMN and SEN, rather than connectivity within the CCN. For example, disrupted connectivity within and between the DMN and SEN has been documented in individuals with a current or past major depressive episode (e.g., Connolly et al., 2013; Manoliu et al., 2014; Marchetti et al., 2012) and is associated with behavioral phenotypes such as rumination (Hamilton et al., 2011 (Hamilton et al., , 2015 Jacobs et al., 2014) . Deficits within the CCN could occur because of weak intrinsic connectivity within the CCN or unusual connectivity of CCN with other nodes that are outside of the CCN (Menon, 2011) . Resting-state functional connectivity within the CCN might provide a useful measure of CCN integrity given that connectivity is higher between regions that have a history of correlated activity during goal-directed tasks (e.g., Lewis et al., 2009; Sylvester et al., 2013) . Given that intrinsic functional networks bias information processing in the brain (Menon, 2011; Sadaghiani et al., 2010) , aberrant CCN functioning may underlie several cognitive factors that confer risk for MDD onset or relapse (e.g., Disner et al., 2011; Marchetti et al., 2012) . For example, deficits in inhibitory controlthe ability to voluntarily regulate prepotent responses-are related to attenuated activity in the CCN, particularly the dlPFC, are stable and reliable over time, and confer risk for depressive relapse (Langenecker et al., 2006 (Langenecker et al., , 2007a Peters et al., 2015; Wagner et al., 2006) .
Beyond evaluating the presence and stability of deficits in connectivity within the CCN in remitted major depressive disorder (rMDD), establishing links between attenuated connectivity and established cognitive phenotypes of depression risk could provide insight into the validity and clinical applicability of connectivity within the CCN as an index of phenotypic risk (e.g., Disner et al., 2011) . Given that connectivity within the CCN could represent a biomarker for putative trait phenotypes of MDD risk, it is notable that few studies have evaluated the integrity or efficiency of connectivity within the CCN among individuals with MDD or in relation to behavioral measures of MDD risk (Menon, 2011) . In addition, no studies to date have evaluated connectivity within the CCN among remitted late adolescent or early adult samples, an important period of time after the onset of MDD that is a critical assessment and intervention period prior to the progression and sequelae of MDD. Recently, we investigated seeds within DMN and SEN in a smaller subset of the work presented here, but we did not evaluate the CCN ). An important but unanswered question is whether attenuated connectivity within the CCN could represent a trait marker of MDD that is unrelated to state effects of current depression. Relatedly, and importantly, no studies to our knowledge to date have evaluated the reliability and stability of connectivity within the CCN over time. This represents a major gap in understanding the degree to which attenuated connectivity within the CCN represents a depression risk marker.
To address this question, we examined intrinsic functional connectivity in the CCN among unmedicated young adults with rMDD and healthy control (HC) participants, which mitigated potential confounds such as current mood state, symptom severity, and the effects of current medication. We hypothesized that individuals with rMDD would exhibit decreased intrinsic connectivity between three bilateral seeds within the CCN: the dorsolateral prefrontal cortex, the inferior parietal lobule, and the dorsal anterior cingulate cortex. These particular seeds were chosen based on high network affinity in Yeo et al. (2011) . To examine the specificity of group differences in connectivity to the CCN, we repeated these procedures using two other intrinsic connectivity networks, the SEN (using amygdala, ventral striatum inferior, and subgenual anterior cingulate seeds) and the DMN (posterior cingulate, dorsal medial cingulate, anterior hippocampus seeds, expecting that SEN and DMN might show enhanced within network connectivity and CCN-attenuated connectivity, Yeo et al., 2011) . We then examined differences in intrinsic connectivity between specific regions using each of the bilateral seeds found to differ between rMDD and HC using a CCN mask (hereafter regions of interest [ROIs] ). Any differences were further evaluated for reliability and stability over time.
Next, to establish clinical correlates and convergent validity of the CCN, we conducted exploratory analyses to test whether attenuated intrinsic connectivity between within-network seeds and ROIs was associated with clinical and behavioral characteristics relevant to the CCN and risk for MDD. These characteristics include rumination (the tendency to repetitively think through the causes and consequences of one's sad mood; Nolen-Hoeksema et al., 2008; Watkins, 2008) , pessimistic attributional style (the tendency to attribute negative events to causes that are internal, stable, and global; Seligman et al., 1979) , negative automatic thoughts (which occur following the activation of negative schemas; Beck, 2008) , and impairments in cognitive control . These factors have been established as stable, trait-like vulnerabilities to depression (e.g., Abela and Hankin, 2011; Alloy et al., 2006 Alloy et al., , 2016 Nolen-Hoeksema et al., 2008; Stange et al., 2014 Stange et al., , 2016 and have been hypothesized as related to attenuated patterns of task-based activation within the cognitive control regions (Beck, 2008; Disner et al., 2011; Koster et al., 2011; Ochsner et al., 2004) although it has not often been tested empirically (Seidel et al., 2012) . Finally, planned post-hoc analyses evaluated models by which attenuated connectivity might mediate associations between diagnostic group and cognitive risk characteristics. Specifically, we evaluated disease effect models (whether MDD history, mediated by connectivity between within-network seeds and ROIs, leads to cognitive risk factors) and disease risk models (whereby connectivity between within-network seeds and ROIs, mediated by cognitive risk factors, leads to MDD history). 
METHODS

Participants
This study was approved by the University of Michigan (UM) and the University of Illinois at Chicago (UIC) Institutional Review Boards and all participants provided written informed consent. Participants were recruited using flyers and multiple postings on the internet. All participants completed an assessment battery of cognitive and diagnostic measures, followed by an MRI scan. Participants were considered remitted from MDD if they previously met criteria for at least one major depressive episode, but currently scored below a 7 on the Depression Rating Scale (Hamilton et al., 1960) , which was administered during the phone screen and during the initial diagnostic interview. HCs could not meet current or past criteria for MDD or any other Axis I or II psychiatric disorder, and had no first-degree relatives with a history of psychiatric illness. Participants were required to be medication free for 30 days prior to the scan. Those with substance abuse or dependence within the past 6 months were excluded. Diagnosis of past MDD or HC status was determined using the Diagnostic Interview for Genetic Studies , and was confirmed using a modified Family Interview for Genetic Studies completed with a parent, guardian, or close sibling , measures that have demonstrated good validity and reliability (Bucholz et al., 1994; Maxwell, 1992) . The final sample included 52 rMDD (20 UM, 32 UIC) and 45 HCs (20 UM, 25 UIC) between 18 and 23 years of age (67% Female). Participant demographics and clinical characteristics are presented in Table I .
Measures
Rumination
Self-reported rumination was evaluated with the Ruminative Response Scale (RRS; Treynor et al., 2003) , which contains subscales representing brooding and reflective pondering components of rumination. Brooding is the component of rumination typically most strongly associated with MDD (Nolen-Hoeksema et al., 2008) . The subscale consists of five items scored on Likert-type scales ranging from 1 (almost never) to 4 (almost always). The measure has demonstrated good internal consistency and 1-year retest reliability (Treynor et al., 2003) . In this study, brooding a 5 0.83, and reflective pondering a 5 0.84.
Attributional style
Self-reported attributional style was evaluated using the attributional style questionnaire (ASQ; Peterson et al., . Participants rated the perceived cause of six hypothetical negative events and six hypothetical positive events using 7-point Likert scales of internality (due to me vs. due to other people or circumstances), stability (will always be present vs. will never be present), and globality (influences all situations in my life vs. influences only this particular situation). We used data from the stability and globality subscales, given that prior work has suggested that these subscales are most reliably associated with MDD (Abramson et al., 1989) . Scores on each subscale represent the difference between attributional styles for negative versus positive events. On each subscale, the attributional style score for positive events is subtracted from the score for negative events; thus, higher scores indicate more overall pessimistic attributional style for that subscale. Given the presence of a universal positivity bias in attributions (Mezulis et al., 2004) , with attributions about the causes of positive events rated as more stable and global (and hence a greater score) than attributions about the causes of negative events, composite scores for each subscale typically are negative when the positive event score is subtracted from the negative event score. The attributional style questionnaire has demonstrated good validity and reliability in young adult and depressed samples (Peterson et al., 1982; Seligman et al., 1979) . In this study, a 5 0.71 (stability) and a 5 0.66 (globality).
Negative automatic thoughts
Negative automatic thoughts, as proposed by Beck's cognitive theory of depression (Beck, 2008) , were evaluated with the automatic thoughts questionnaire (Hollon and Kendall, 1980 ), a 30-item self-report questionnaire that assesses the frequency of such thoughts. Items are rated on a Likert-type scale ranging from 1 (not at all) to 5 (all the time) and are summed for a total score, with higher scores representing greater frequency of negative automatic thoughts. The automatic thoughts questionnaire has good psychometric properties and effectively discriminates between depressed and healthy individuals (Hollon and Kendall, 1980) . In this study, a 5 0.97.
Cognitive control
Cognitive control was assessed using behavioral indices from the parametric go/no-go (PGNG) task. This task (described in detail in Supplemental Methods and elsewhere; Langenecker et al., 2007b; Votruba and Langenecker, 2013 ) was administered to all participants early in the scan session to assess sustained context-based inhibitory control and inhibitory processing speed, both of which are aspects of cognitive control (Langenecker et al., 2010) . The task involves responding as quickly and as accurately as possible to certain target types (letters of the alphabet rapidly presented on a computer screen), while inhibiting prepotent responses to targets that repeat, and static nontargets. The task yields two variables that were used for analysis: No-Go percent correct inhibition (PGNG-PCI; task-related fMRI results to be reported elsewhere), and inhibitory processing speed on correct trials (Reaction Time; PGNG-RT). The PGNG has demonstrated good construct validity and retest reliability in healthy and depressed samples (Langenecker et al., 2007b (Langenecker et al., , 2007c Votruba and Langenecker, 2013, Peters et al., 2015) .
All participants completed the PGNG task. The selfreport measures for cognitive vulnerabilities (ruminative response scale, attributional style questionnaire, and automatic thoughts questionnaire) were added partway into the study, so only are available for a subset of participants (n 5 55). However, participants who did not complete these measures did not differ significantly from participants who did complete them on any demographic or clinical characteristics (Ps > 0.12).
fMRI Acquisition
At UM, an eyes-open resting-state scan was acquired over eight minutes on a 3.0 T GE Signa scanner (Milwaukee, WI) using T2*-weighted single shot reverse spiral sequence with the following parameters: 908 flip, field-ofview 20, matrix size 5 64 3 64, slice thickness 5 4 mm, 30 ms echo time, 29 slices. Eyes-open, resting scans at UIC were collected over 8 min on a 3.0 T GE Discovery scanner (Milwaukee, WI) using parallel imaging with ASSET and T2* gradient-echo axial EPI with the following parameters: 908 flip, field-of-view 22, matrix size 5 64 3 64, slice thickness 5 3 mm, 22.2 ms echo time, 44 slices. At both sites, high-resolution anatomic T1 scans were obtained for spatial normalization; motion was minimized with foam pads, a visual tracking line (UIC only) and/or cross (UIC and UM) on the display, and by conveying the importance of staying still to participants, with TRs of 2000 ms and a total of 240 TRs.
To assess network reliability, participants completed two fMRI scans, one at a Time 1 visit (N 5 97) around the time that the questionnaires were completed, and a Time 2 scan (n 5 80) approximately 2 months later (M 5 57.66 days, SD 5 39.73). Participants who did not complete the Time 2 scan (primarily lost to attrition) had significantly poorer inhibitory control (PGNG-PCI; t 5 22.18, P 5 0.03), but did not differ significantly from those who completed the scan on any other study variables (Ps > 0.10).
Functional Connectivity MRI Preprocessing
Several steps were taken to reduce potential sources of noise and artifact. Slice timing was completed with SPM8 (http://www.fil.ion.ucl.ac.uk/spm/doc/) and motion detection algorithms were applied using FSL (http://fsl. fmrib.ox.ac.uk/fsl/fslwiki/). Co-registration of structural images to functional images was followed with spatial normalization of the coregistered T1-spgr to the Montreal Neurological Institute (MNI) 152 brain template. The r Cognitive Control Network Connectivity in rMDD r r 2943 r resulting normalization matrix then was applied to the slice-time-corrected time series data. These normalized T2* time series data were spatially smoothed with a 5 mm Gaussian kernel resulting in T2* images with isotropic voxels, 2 mm on each side.
Defining the CCN
To define the mask for the CCN, we selected key nodes based on Yeo et al. (2011) . We included bilateral dorsolateral prefrontal cortex nodes within the middle frontal gyrus (PFClp; Coordinates: 245, 29, 32; 45, 29, 32) , inferior parietal lobule (PGa; Coordinates: 252, 250, 49; 52, 250, 49), and dorsal anterior cingulate (PFCmp; Coordinates: 25, 22, 47; 5, 22, 47) to use as seeds in the connectivity analysis (Yeo et al., 2011) ; each of the seeds contained 19 voxels. For each of these three bilateral seeds, we ran cross-correlation time series analyses as described above. Additional information is available in the Supplemental Methods. This mask was thus an appropriate connectivity index of "disease" for planned analyses with cognitive vulnerability and cognitive control variables. As a comparison for specificity of CCN, similar procedures were used for three bilateral seeds for the SEN (amygdala, ventral striatum inferior, subgenual anterior cingulate) and for the DMN (posterior cingulate, dorsal medial cingulate, anterior hippocampus) (Yeo et al., 2011) .
Statistical Analyses
Using the CCN mask defined above, we tested for voxels that were significantly different between groups within the mask. Significant mean cluster values were extracted in relation to each of the six seeds. These cluster mean connectivity values to clusters that differed between groups were then correlated with cognitive vulnerability and cognitive control variables in the full sample using Pearson correlations; post-hoc Bonferroni corrections for correlated observations were conducted separately within measure type (cognitive vulnerability or cognitive control) (Garcia, 2004) for a combined FWE of 0.10. To determine whether significant correlations differed by group, we conducted regression analyses in which the main effects of group (rMDD vs. HC) and average CCN connectivity with the given ROI, as well as their interaction, were entered as predictors of cognitive variables.
In a third step, mediation analyses were conducted for disease effect models (depression, mediated by brain CCN connectivity, leads to cognitive vulnerability processes) and disease risk models (brain connectivity, mediated by cognitive variables, leads to depression). Mediation analyses employed a bootstrapping approach with N 5 1000 bootstrap resamples and a 95% confidence interval to assess indirect effects (Preacher and Hayes, 2008) . Bootstrapping is a nonparametric resampling procedure that generates an approximation of the sampling distribution of a statistic from the available data. Sampling distributions of indirect effects are generated by taking a sample (with replacement) of size N from the full data set and calculating the indirect effects in the resamples.
RESULTS
Comparisons between rMDD and HCs on demographic and clinical variables are displayed in Table I . As expected, relative to HCs, individuals with rMDD had higher levels of brooding rumination, reflective pondering, more stable pessimistic attributional style, more negative automatic thoughts, and residual symptoms of depression; groups did not differ on globality of pessimistic attributional style, or on inhibitory control (PGNG percent correct inhibition) or inhibitory processing speed during cognitive control (PGNG reaction time for correct trials). There were no sex differences in connectivity or cognitive variables (ts < 1.76, Ps > 0.08).
CCN Connectivity and Reliability
Connectivity with the three bilateral CCN seeds is visually depicted in Figure 1 (panels A and B) , including the seed locations. There was significant overlap on the voxels of significant connectivity for each of the three bilateral seeds (Fig. 1, panel C) . A 2 group (rMDD, HC) 3 2 side (left, right) 3 2 time (Time 1, Time 2) 3 3 seed (dorsolateral prefrontal cortex, inferior parietal lobule, dorsal anterior cingulate cortex) repeated-measures ANCOVA on connectivity, controlling for site and sex, yielded a main effect of group (F 5 11.13, P 5 0.001, g p 2 5 0.13), but no effect of time (F 5 0.05, P 5 0.82, g p 2 5 0.001), and no group 3 time interaction (Fig. 1, panel D; F 5 1.68, P 5 0.20, g p 2 5 0.02).
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Using the entire CCN network as a mask (voxels with significant connectivity to at least one bilateral seed), we evaluated which regions were least temporally connected to the mask in rMDD participants. Compared to HCs, rMDD participants had lower connectivity of the CCN mask to the right dorsolateral prefrontal cortex (50, 32, 28, Z 5 4.03, k 5 701, P < 0.0001) and the right inferior parietal lobule (34, 266, 54, Z 5 3.83, k 5 381, P < 0.0001) at Time 1 as well as at Time 2 (right dorsolateral prefrontal cortex: 52, 234, 44, Z 5 3.78, k 5 201, P < 0.0001; right inferior parietal lobule: 42, 30, 22, Z 5 3.52, k 5 86, P < 0.0001) (Fig. 2) . To determine the reliability of these ROIs of group differences over time, intraclass correlations (ICCs) were computed with extracted signal. The ICC for the two CCN ROIs was 0.81 at Time 1, 0.82 at Time 2, and across both time points (4 ROIs) was 0.82, providing evidence that regions of decreased CCN connectivity were reliable over time.
Three smaller CCN regions that differed between groups also were identified at Time 1 (left anterior inferior frontal gyrus: 48, 256, 52, Z 5 3.70, k 5 164, P < 0.0001; left dorsolateral prefrontal cortex: 236, 48, 24, Z 5 3.60, k 5 182, P < 0.0001; and right anterior inferior frontal gyrus: 250, 18, 34, Z 5 3.38, k 5 138, P < 0.0001); however, these regions were apparent only when accounting for motion. They did not replicate during the scans at Time 2 (left anterior inferior frontal gyrus: 48, 256, 52, Z 5 2.06, k 5 4, P < 0.02; left dorsolateral prefrontal cortex: 236, 48, 24, Z 5 2.71, k 5 33, P < 0.003; and right anterior inferior frontal gyrus: 250, 18, 34, Z 5 2.46, k 5 103, P < 0.007).
Similar analyses were completed with the three bilateral seeds for SEN and for DMN. However, individuals with remitted MDD did not differ from HCs in the overall average connectivity between the six seeds within either the SEN mask (t 5 1.51, P 5 0.14, d 5 0.30) or the DMN mask (t 5 0.67, P 5 0.50, d 5 0.14). Using the entire SEN and DMN networks as masks (a different approach than the single seed approaches used in previous studies), no within-network voxels were significantly different between groups. Out of network differences in connectivity to these networks are reported in Supplemental Table 1 , also of HC greater than rMDD.
Connectivity Between the CCN and Areas of Within-Network Group Differences and Associations with Cognitive Risk Factors
Connectivity between the entire CCN and the ROIs of group differences at Time 1 were associated with several of the cognitive risk factors across groups (Table II) . There were also relationships with the strength of connectivity between the CCN and specific ROIs within the CCN; brooding was inversely correlated with connectivity to the bilateral dorsolateral prefrontal cortex ROIs, whereas pondering was inversely associated with connectivity only with the right inferior parietal lobule ROI, but this was not below the multiple comparisons-adjusted alpha level. Stable pessimistic attributional style was inversely associated with connectivity with the right dorsolateral prefrontal cortex ROI, and with the left anterior inferior frontal gyrus ROI, although the latter was also above the corrected alpha level. Negative automatic thoughts were inversely associated with connectivity with bilateral dorsolateral prefrontal cortex, right anterior inferior frontal gyrus, and left anterior inferior frontal gyrus, with only the latter above the adjusted alpha level.
In terms of cognitive control on the PGNG, there were no significant associations between mean CCN connectivity and inhibitory control or processing efficiency.
2
Connectivity between other specific CCN seeds and the ROIs in relation to the cognitive risk factors are displayed in Supplemental Information, Table 2.   3 Of the six significant correlations between connectivity and cognitive measures reported above and in Table II, there was one significant group 3 connectivity interaction, which suggested that the degree to which mean connectivity between right dorsolateral prefrontal cortex ROI and the three bilateral CCN seeds predicted brooding differed by group (interaction t 5 22.26, P 5 0.03): lower connectivity predicted greater brooding among rMDD participants (t 5 22.31, P 5 0.03) but not among HCs (t 5 0.92, P 5 0.36). Similarly, of the five significant correlations between connectivity and the components identified by 2 However, on seed-level analyses (Supplemental Table 2 ), inhibitory control (percent correct on no-go trials) was associated with greater connectivity between the right inferior parietal lobule ROI and the right dorsolateral prefrontal cortex seed at a trend level. In addition, processing efficiency during cognitive control (faster reaction time on correct trials) was associated with greater connectivity between right inferior parietal lobule ROI and the right dorsal anterior cingulate cortex seed, and with greater connectivity between left anterior inferior frontal gyrus ROI and right dorsolateral prefrontal cortex seed. 3 Given that many of the cognitive vulnerability measures were correlated with one another as expected, we performed a PCA with varimax rotation to reduce the variables to core components (see Supplemental Results and Supplemental Tables 3 and 4) . Table 4 , there was one significant group 3 connectivity interaction. Mirroring the above interaction with brooding, the degree to which mean connectivity between right dorsolateral prefrontal cortex ROI and the three bilateral CCN seeds predicted the rumination component differed by group (interaction t 5 22.41, P 5 0.02; Fig. 3a ): lower connectivity predicted greater brooding among rMDD participants (t 5 22.27, P 5 0.03) but not among HCs (t 5 1.17, P 5 0.25).
Post-Hoc Analysis: Independent Component Analysis (ICA) of Resting-State Connectivity Data 4
To evaluate whether group differences in connectivity within the CCN could have been due to reliance on previously-defined networks (Yeo et al., 2011) rather than study-specific CCN maps, we conducted an independent component analysis (ICA) of resting-state connectivity data. The Group ICA fMRI Toolbox (GIFT), version 4.0a (http://icatb.sourceforge.net) was used to perform ICA (Calhoun et al., 2001 ). ICA data analyses followed established procedures for fMRI data (Calhoun et al., 2001) . Using a modified minimum description length (MDL) algorithm, forty-eight components were identified that optimally split the fMRI datasets into a final set of spatially independent components, based on methods used and described in prior studies (Calhoun et al., 2001; Kim et al., 2009) . Binary masks were created using all subjects for each component, which were used to determine overlap with the binary CCN mask. The eight components that overlapped with the CCN are listed in Supplemental Components sharing voxels with the CCN mask were used to extract person-specific beta weights for each component, in relation to average connectivity with the three bilateral seeds in the CCN. Next, these components were selected for tests of group differences and dimensional analyses with cognitive risk measures. Of the eight components identified by the ICA, individuals with rMDD had less connectivity between the CCN seeds and Component 13 (t 5 2.62, P 5 0.01, d 5 0.53) and Component 37 (t 5 3.03, P < 0.005, d 5 0.62). Notably, these were the two components that showed the greatest percentage overlap with the CCN and with several of the CCN ROIs of group differences ( Supplemental Information, Fig. 1 ). For each of the other components, connectivity was numerically but not significantly attenuated in rMDD relative to Table 7 .
Could Attenuated Connectivity Within the CCN Mediate Associations Between Remitted Depression Group and Cognitive Risk Factors?
To reduce the number of candidate mediation analyses, we limited analyses to those in which (a) cognitive factors were significantly associated with CCN connectivity, while (b) considering only the mean level of connectivity between CCN seeds and ROIs that differed between groups and that were associated with cognitive factors. Results are displayed in Table III .
Consistent with the hypothesis that alterations in CCN connectivity could account for the degree of cognitive risk factors present in rMDD (disease effect models; Fig. 4a ), there were significant indirect pathways between rMDD group and negative automatic thoughts via attenuated connectivity between the CCN and the right dorsolateral prefrontal cortex ROI and the right anterior inferior frontal gyrus. In addition, there was a significant indirect pathway between rMDD group and brooding via attenuated connectivity between the left dorsolateral prefrontal cortex ROI and mean connectivity with the Note: Bolded indirect effects are statistically significant. rMDD 5 remitted major depressive disorder group; ROI 5 region of interest; dlPFC 5 dorsolateral prefrontal cortex region of interest; IPL 5 inferior parietal lobule; AntIFG 5 anterior inferior frontal gyrus; CCN 5 cognitive control network. ASQ 5 attributional style questionnaire; ATQ 5 automatic thoughts questionnaire; PGNG 5 parametric go/no-go task; PCI 5 percent correct inhibition; RT 5 reaction time.
CCN. Furthermore, there were significant indirect pathways between rMDD group and PCA-derived inhibitory control via attenuated connectivity between bilateral dorsolateral prefrontal cortex ROI and mean connectivity with the CCN. In contrast, consistent with the alternative hypothesis that CCN connectivity could be embodied in cognitive risk factors that lead to the development of depression (disease risk models; Fig. 4b ), there were significant indirect pathways between attenuated connectivity between bilateral dorsolateral prefrontal cortex ROI and mean connectivity with the CCN predicting rMDD group status via brooding and via PCA-derived rumination. In addition, there was a significant indirect pathway between attenuated connectivity between left anterior inferior frontal gyrus ROI and mean connectivity with the CCN predicting rMDD group status via stable pessimistic attributional style. No other candidate mediation analyses yielded significant indirect pathways.
DISCUSSION
This study demonstrated the presence, reliability, and stability of attenuation in intrinsic connectivity within the CCN among individuals with rMDD. Connectivity within the entire CCN was attenuated among individuals with rMDD; this effect was stable and reliable over time in the right dorsolateral prefrontal cortex and right inferior parietal lobule, and was also detected within the left dorsolateral prefrontal cortex and bilateral anterior inferior frontal gyrus/insula. In addition, by establishing relationships between attenuated CCN connectivity seeds and known cognitive risk factors for MDD, including attenuated cognitive control, rumination, pessimistic attributional style, and negative automatic thoughts, these data provide validation that disrupted integrity of the CCN could underlie cognitive phenotypes of risk for depression. Furthermore, similar results were achieved when using data-driven independent component analysis to define subcomponents of the CCN, particularly those involving the dorsolateral prefrontal cortex. Thus, both an empirically derived approach (use of the CCN mask) and a data-driven approach (independent component analysis) to investigating the CCN converged to support similar conclusions of attenuated connectivity in rMDD. In contrast, there was no evidence of group differences in connectivity "within" the SEN or the DMN, providing evidence of specificity of attenuated connectivity to the CCN. Together, these results are consistent with the hypothesis that CCN connectivity may represent a biomarker for putative trait phenotypes of MDD risk (Clasen et al., 2014) .
To our knowledge, this is the first time that group differences for rMDD have been demonstrated in the literature in the CCN, as well as the first time that they have been demonstrated to be stable and reliable over time. This work provides verification that these seeds provide a reliable representation of the CCN, and that diminished connectivity within the CCN may represent a trait-like phenotype of depression risk in rMDD. Overall, the identified connectivity results from our sample converge with the expected network defined and replicated in Yeo et al. (2011) . Importantly, there was evidence of convergence across the three bilateral nodes of the CCN, as shown by high overlap across all seed masks. Prior work has suggested that the networks representing the capacity for inhibitory control are right-lateralized, particularly in the right dorsolateral prefrontal cortex and right inferior parietal lobule, and that greater activation within the CCN during inhibitory control tasks is associated with improved behavioral performance (Aron et al., 2007 (Aron et al., , 2014 Garavan et al., 1999; Konishi et al., 1999) . We have previously hypothesized that inhibitory control is important for the cognitive control of emotion and emotion regulation (Langenecker et al., 2005 (Langenecker et al., , 2007b . However, the present data are the first to clearly link cognitive factors such as rumination and negative cognitive styles to the withinnetwork functional connectivity of the CCN during rest, and particularly with subcomponents of the CCN that overlap with the dorsolateral prefrontal cortex, providing additional convergent validity for the role of the network in the control of cognitive processes. Taken together with prior work, these results suggest that CCN connectivity with the right dorsolateral prefrontal cortex and inferior parietal lobule may be a marker of the health of the network, or the capacity for the CCN to be used in an adaptive manner (e.g., efficiency). They also suggest that high connectivity in the CCN may help to attenuate cognitive biases associated with negative cognitive styles, and is specific to this network, as within network abnormalities were not observed for DMN or SEN.
Attenuated connectivity within the CCN at rest among individuals with rMDD could indicate a less cohesive network that may be less able to reliably and efficiently exert Figure 4 . Conceptual mediation models evaluating disease effect models (part A) and disease risk models (part B). rMDD 5 remitted major depressive disorder group; CCN 5 cognitive control network.
r Cognitive Control Network Connectivity in rMDD r r 2949 r cognitive control during goal-directed tasks such as emotion regulation (e.g., Lewis et al., 2009; Sylvester et al., 2013) . Unfortunately, the present analyses were underpowered for evaluating interactions between networks; future studies with larger sample sizes could investigate these questions. However, the results of the ICA suggest that attenuated connectivity with the CCN in rMDD was more substantial for ICA components that overlapped more, rather than less, with the CCN. This could suggest that the attenuated connectivity within the CCN detected in individuals with rMDD in our study is not simply a result of having a CCN that has different boundaries than those identified in prior studies. Our model of emotion regulation in MDD hypothesizes that some individuals have weaker capacity for cognitive control of emotion even in periods of relative wellness (Peters et al., 2015; Langenecker et al., 2014) ; although this study did not involve an emotion regulation task, the strength of the CCN at rest was attenuated in rMDD and was associated with cognitive factors involved in maladaptive emotion regulation. A lack of CCN coherence might interfere with the ability to exert top-down control over limbic activity to inhibit perseverative thinking states such as rumination (e.g., De Raedt and Koster, 2010; Joormann, 2010; Phillips et al., 2008; Roberts et al., 2013) . Indeed, results from the principal component analysis of the cognitive measures suggested that inhibitory control was positively associated with connectivity within the CCN, suggesting that deficits in connectivity could undermine cognitive control. CCN incoherence also could make it difficult to overcome (e.g., reappraise or distance oneself from) negative automatic thoughts or pessimistic attributions about the causes of life events (e.g., Disner et al., 2011; Joormann and Vanderlind, 2014) .
Although the interpretation of our mediation analyses is limited by the cross-sectional study design, the results of "disease effect" models suggest that alterations in CCN connectivity could account for the degree to which cognitive risk factors (including negative automatic thoughts, brooding, and deficits in inhibitory control) are present in rMDD. However, "disease risk" models supported that the relationship between attenuated CCN connectivity and depression could be accounted for by relationships with ruminative brooding and stable pessimistic attributional style. These results are consistent with the possibility that aberrant connectivity within the CCN could represent a biomarker for putative trait phenotypes of depression risk or disease; however, it is important to note that there are numerous limitations to cross-sectional mediation analyses, such as the inability to determine temporal sequencing of variables and the possibility of overestimating the strength of effects (Maxwell and Cole, 2007) . Only the CCN mask mean connectivity values were considered as candidates for mediation, which may have been an overly conservative approach compared to using connectivity with all seeds separately. An important, but unanswered, question is whether attenuated connectivity within the CCN could represent a vulnerability factor for the first onset or recurrence of MDD, and whether it may even predate cognitive vulnerability features. Consistent with this possibility, one study found attenuated connectivity within the CCN among adolescent girls at high risk due to having a parental history of depression, although this study did not evaluate cognitive vulnerability features (Clasen et al., 2014) . Given that aberrant CCN functioning may underlie cognitive factors that are known to confer risk for MDD onset or relapse (e.g., Abela and Hankin, 2011; Alloy et al., 2006; Langenecker et al., 2007a Langenecker et al., , 2014 Stange et al., 2014 Stange et al., , 2016 ; for a review, see Alloy et al., 2016) , longitudinal clinical staging studies are needed to determine whether deficits in CCN connectivity confer similar risk, may represent an early scar of illness, or a combination thereof (Grierson et al., 2016; Peters et al., 2015) . To this end, recent studies have demonstrated that greater CCN task-based activation (including dorsolateral prefrontal cortex and inferior parietal lobule) during inhibitory control predicted a greater likelihood of responding to antidepressant treatment for MDD (Gyurak et al., 2016; Langenecker et al., 2007a) . Although these studies did not evaluate CCN intrinsic connectivity, they are consistent with the notion that the CCN is important for behavioral cognitive control and may facilitate the identification of individuals who are at risk for a more severe course of illness. Relatedly, a recent study demonstrated that attention bias modification training (relative to placebo training) reduced negative attention bias and increased resting-state connectivity within the CCN (Beevers et al., 2015) . Furthermore, reductions in attention bias were associated with reduction of depressive symptoms in the active training condition, consistent with the hypothesis that the CCN can serve as a biological index of cognitive control capacity as well as a possible target for treatment.
In contrast, although prior studies have reported increased connectivity within the DMN among currently depressed individuals relative to HCs Marchetti et al., 2012) , no group differences were detected in the DMN in this study. It is possible that in prior studies used more lenient thresholds and analysis strategies, or the use of currently depressed individuals, have facilitated the detection of group differences that were not apparent in the present data. We have demonstrated that active symptoms in MDD increase within-DMN seed-based connectivity, but not in remitted MDD, suggesting a statebased mechanism (Jacobs et al., 2016) . There also were no group differences in SEN connectivity in this study, suggesting that the neural mechanisms of salience detection are intact in rMDD. Overall, it may be that connectivity between the SEN and other intrinsic connectivity networks such as the DMN and CCN are more important in contributing to effective regulatory control (e.g., Jacobs et al., 2014; Manoliu et al., 2014; Wang et al., 2016) . Furthermore, most prior studies used single-seed approaches to connectivity, rather than the network-level connectivity values employed here. The latter is based upon thousands of independent observations averaged across the entire network and is a much more conservative test of network connectivity. For example, even large seed to node disruptions of several hundred observations (i.e., voxels) might get averaged out amongst the thousands with no differences. In this way, seed-and network-based approaches are complementary and not overlapping. In addition, future studies should continue to use data-driven approaches to evaluate and identify the study-specific spatial extent of connectivity differences. With replication, it is possible that future studies would benefit from using some of the components we identified (e.g., those overlapping most with dorsolateral prefrontal cortex) as particular regions within the CCN that may be most relevant to depression risk.
There were limitations to this study that provide important directions for future research. As rMDD participants were not scanned prior to the first onset of MDD, it is unknown whether deficits in the CCN were present before the illness, representing vulnerability factors for the onset of depression versus "scars" of prior episodes (Table I) . The sample was relatively young and early in the illness, so it is not known whether these results would generalize to older individuals or individuals with an earlier onset of MDD who have experienced more past depressive episodes. Despite the strength of recruiting a medication-free sample, we could not evaluate how previous medication use may have affected results. In addition, as study site and scanner were completely confounded with one another, it was not possible to distinguish between differences in characteristics of the study samples and differences due to the scanners and related settings. Given that disruption in the CCN could underlie other forms of psychopathology (Menon, 2011) , future work should investigate the specificity of attenuated connectivity to depression, which we were not able to test in this study. Although the strength of connectivity within networks can be determined during resting states (Menon, 2011; Smith et al., 2009) , future studies would benefit from evaluating CCN connectivity during tasks designed to evaluate cognitive control (e.g., PGNG), as network coherence may vary by task context (Spreng, 2012; Spreng et al., 2009) .
Next, although the primary focus of the manuscript was on identifying differences in resting-state connectivity in the CCN between rMDD and HC individuals, we provided the cognitive vulnerability analyses to help interpret the meaning of the resting-state fMRI results and to provide information about clinical significance. However, as cognitive vulnerability measures only were available for a subset of participants, analyses with these measures may be susceptible to type II errors (with expected power of 0.80 and a < 0.05 with two-tailed tests, the subsample of 55 participants was sufficient to detect moderate correlations of r > 0.37; Faul et al., 2009 ). In addition, the internal consistency of the attributional style questionnaire, particularly the globality subscale in this sample, is less than ideal, which could have interfered with the detection of relationships with connectivity that truly exist; use of scales with superior psychometric properties and that test other components of the hopelessness theory of depression (Abramson et al., 1989 ) (e.g., the cognitive style questionnaire; Haeffel et al., 2008) would be warranted in future studies. Additionally, although attenuated connectivity in the rMDD group was stable over time and there was not a significant interaction between group and time, connectivity within the HC group appeared to decrease from the first to the second scan. It is possible that this change represents the HC group habituating to the MRI environment and thus having decreased need for cognitive control in the scanner. However, we did not record whether participants ever had completed an MRI prior to the study scans, so we are not able to address the question of differential habituation to the MRI machine environment by group. Finally, correlations with cognitive vulnerability and cognitive control markers were modest. As noted above, whole network average connectivity is likely a very conservative estimate of the efficiency of thousands of nodes within the network, and only a handful might be related to these vulnerability factors in a strong and meaningful way. Thus, detecting modest relationships or no relationships at all is to be expected.
In conclusion, this study demonstrated that intrinsic connectivity within the CCN is reduced in MDD, that it is stable over a short period of time, is present even in the remitted state, and is associated with several cognitive risk factors for MDD, including ruminative brooding, pessimistic attributional style, negative automatic thoughts, inhibitory control, and inhibitory processing speed. Future research should evaluate CCN connectivity across mood states in depression, and evaluate these questions across the development and course of depression. The examination of neural mechanisms during a relatively early phase of the illness provides a conservative test of hypotheses as it could protect against important potential confounds such as complex treatment histories and neural and behavioral effects that could become more entrenched following repeated major depressive episodes. Additionally, the use of an rMDD sample allows for increased confidence that CCN connectivity may represent a relatively trait-like factor that is not attributable to state-dependent depressed mood. This work has implications for improving our understanding of the pathophysiology of MDD and the cognitive factors that may underlie it, and for identifying suitable targets for early detection, intervention, and prevention of MDD (Fischer et al., 2016) .
